8 decrease in telomere length in both the single and double mutants indicates that A. thaliana 1 7 0 requires neither the AtTER1 nor the AtTER2 locus to elongate telomeres. 1 7 1 Telomerase RNP evolution is under purifying selection in Brassicaceae. Relatively high 1 7 2 levels of conservation of the telomerase RNA within major eukaryotic lineages has allowed for 1 7 3 the identification of distantly related TERs within those lineages. It was the unprecedented lack 1 7 4 of conservation of the template domain at AtTER1 within A. thaliana and AtTER1/2-like locus 1 7 5 within other species of Brassicaceae that motivated further exploration of telomerase RNP 1 7 6 evolution and function. Numerous genome expansions and contractions within the Brassicaceae 1 7 7 family [23] have created opportunities for gene neofunctionalization or subfunctionalization, 1 7 8 potentially leading to incorporation of novel subunits into the telomerase RNP in Brassicaceae, 1 7 9
including the potential for alternative TERs [18] . If novel subunits have been incorporated into 1 8 0 the telomerase RNP, we might expect the core subunits to undergo structural or chemical 1 8 1 changes associated with the accommodation of novel binding partners. These changes would 1 8 2 be expected to arise under positive selection. Alternatively, if the telomerase RNP has not 1 8 3 undergone this type of change, we would expect the core subunits to evolve under purifying 1 8 4 selection. With this in mind, we sought to determine if major protein components of the 1 8 5 telomerase RNP exhibited signatures of positive selection, indicating underlying changes to the 1 8 6 complex, or purifying selection, indicating a stable RNP. We tested for positive selection in 1 8 7
TERT along several branches within the Brassicaceae. In total, we tested five branches 1 8 8 indicated by roman numerals in Figure 2 using the branch-sites test in PAML 4.4b [24] . In each 1 8 9 case we recovered no evidence that TERT evolved under elevated rates of non-synonymous to 1 9 0 synonymous substitutions (Fig 2) , suggesting that TERT remains under strong purifying 1 9 1 selection. 1 9 2 Branches throughout the Brassicaceae phylogeny, indicated by italicized roman numerals and 1 9 4 9 bolded branches, were tested for positive selection, Likelihood ratio tests were performed on the 1 9 5 bolded branches using PAML (codeml) to compare the likelihood scores of models of evolution 1 9 6 that either include site classes with ω values ≥ 1 (Alt = Alternative model) or explicitly exclude 1 9 7 these site classes (Null = Null model). Alternative model likelihood scores that are ≥ 1.92 better 1 9 8 than null model likelihood scores indicate a significant signal of positive selection (p<0.05) along 1 9 9 the specified branch (denoted as i-vi on the tree). 2 0 0
In addition to TERT, we also searched for evidence of positive selection in three other 2 0 1 genes that encode telomerase accessory factors in A. thaliana. Dyskerin is a pseudouridine 2 0 2 synthase necessary for maturation of rRNA that has also been shown to be an essential 2 0 3 component of telomerase in A. thaliana and many other eukaryotes [25] . KU is a heterodimer 2 0 4 composed of KU70 and KU80 that associates with telomerase in humans, budding yeast, and 2 0 5 A. thaliana via Ku80-telomerase interactions [15, 26, 27] . KU plays dual roles as a key factor in 2 0 6 double-strand DNA break repair via the non-homologous end-joining pathway, as well as 2 0 7 telomere maintenance [28, 29] . With the exception of the branches leading to C. rubella (iii) and 2 0 8 S. irio/B. rapa (vi) for DYSKERIN and A. lyrata KU70, we found no evidence of positive selection 2 0 9 (S1 Figure) . Thus, contrary to our initial expectations, the protein components of telomerase are 2 1 0 not responding at the molecular level to genome duplications or contractions, such as those that 2 1 1 occurred in species like B. rapa. These findings support the idea that a highly conserved TER 2 1 2 locus may be present and functional in Brassicaceae.
1 3
An evolutionary analysis of Brassicaceae telomerase enzymology recapitulates the 2 1 4 accepted organismal phylogeny. We next sought to take an indirect, but more fine-scale 2 1 5 evolutionary look at how conserved TERs are in Brassicaceae, specifically in the region within 2 1 6 and adjacent to the template domain. The ability of telomerase to bind and extend a substrate 2 1 7 comes from TERT-substrate and TER-substrate interactions [8] . In addition, telomere synthesis 2 1 8 requires Watson-Crick base-pairing between the 3' end of the DNA substrate and the beginning 2 1 1 0 of the template domain within TER [30] . Thus, changes within and surrounding the template 2 2 0 domain can lead to differential alignment on a telomere substrate or premature product 2 2 1 dissociation, particularly when these changes occur within the 3' end of the template region [31-2 2 2 33]. With this rationale in mind, we set out to determine if the origin of the structurally similar 2 2 3
Brassicaceae TERs came from one evolutionary event (i.e., an alternative TER locus with 2 2 4 shared ancestry for all Brassicaceae) or multiple independent evolutionary events (i.e., 2 2 5 alternative TER loci in each species that converged rapidly on a similar TER structure).
6
To distinguish between these two possibilities, telomerase substrate utilization was 2 2 7 performed in ten species across Brassicaceae (Fig 3; S2 Figure) . To generate a profile of 2 2 8 substrate utilization, we used the telomere repeat amplification protocol (TRAP) on partially 2 2 9
purified plant extracts incubated with a suite of oligos of different lengths and 3' end 2 3 0 composition, ranging from one to three nucleotides capable of Watson-Crick base-pairing with a 2 3 1 TER template (Fig 3; S2 Figure) [34]. Radio-labeled products were separated on a 2 3 2 polyacrylamide sequencing gel and compared against an oligo expected to produce the shortest 2 3 3 telomere permutation based on previous observations (N 15 -GGG; Fig 3) [35]. Observed 2 3 4 differences in size between products relative to this oligo were measured and recorded as a 2 3 5 value of 0-6 using A. thaliana as the baseline (Fig 3, S2A Figure) . A substrate utilization profile 2 3 6 was then generated for nine other species within Brassicaceae, including several close relatives 2 3 7 to A. thaliana (three biological replicates per species; summarized in Fig 3; S2B Figure) . This 2 3 8 profile was then compared against the phylogenetic tree reflecting the known relationships 2 3 9 among these species (Fig 3) . added prior to the first full repeat dictate the size of products produced. The lengths of each 2 4 6 product were determined by comparing against the shortest permutation (N15-GGG). Observed 2 4 7 product differences relative to N15-GGG were calculated for all species and oligo combinations. 2 4 8
The intensity with which the numbered boxes are shaded corresponds to the degree to which 2 4 9 1 2 range (Figs 4A and 4C) [39] . As expected, telomeres in the unselected sixth generation Attert -/-2 7 0 mutants were between 0.5-2 kilobases in length (Figs 4A and 4C) . The AtTERT transgene was 2 7 1 able to complement the mutant background and restore telomeres back to wild type range (Figs 2 7 2 4A and 4C; three independent biological replicates for each construct). Telomeres in these lines 2 7 3 were elongated further in the second generation, suggesting successful and complete 2 7 4 complementation with this construct (Figs 4A and 4C) . We observed similar or slightly better 2 7 5 complementation with TERT from S. parvula, one of the most distantly related species in our 2 7 6 study (Figs 4B and 4C) [17] . Interestingly, despite observing transcription of the E. salsugineum, 2 7 7 C. hirsuta, and C. rubella TERT transgenes (S4 Figure) , and telomerase activity in these 2 7 8 complementation lines, we did not observe telomere elongation with these constructs (S3 2 7 9 Figure) . However, with the exception of the 1L chromosome arm in C. rubella, there was no 2 8 0 significant decrease in telomere length between the two generations we tested (S3B Figure) , 2 8 1 suggesting some degree of partial complementation. 2 8 2 These data may represent an inability on the part of some of these TERTs to fully 2 9 1 reconstitute telomerase in A. thaliana. However, C. rubella, C. hirsuta, and E. salsugineum all 2 9 2 have short endogenous telomeres, ranging from 1-3 Kb [19] . S. parvula, in contrast, has 2 9 3 telomeres closer in length to A. thaliana. Thus, what appears to be partial complementation in A. 2 9 4 1 3 thaliana may reflect some feature in the C. rubella, C. hirsuta, and E. salsugineum TERT protein 2 9 5 that governs the production of shorter telomeres. The observed complementation in A. thaliana 2 9 6 by TERTs from other Brassicaceae supports the hypothesis of a common TER secondary 2 9 7 structure in all Brassicaceae. 2 9 8
Identification of an alternative telomerase RNA by immunoprecipitation of the telomerase 2 9 9 RNP followed by RNA-seq. CRISPR induced template deletion mutants of both previously 3 0 0 described TER loci in A. thaliana indicated that neither is a bona fide TER. We performed a 3 0 1 series of immunoprecipitation (IP) experiments designed to purify the telomerase RNP from 3 0 2 floral tissue, seedling tissue, and plant cell culture, all of which express TERT at a high level 3 0 3
[37]. We tracked telomerase activity from our IP and input fractions using TRAP, and extracted 3 0 4
RNA from IP fractions with verified telomerase activity. Following cDNA synthesis we pooled 3 0 5 and sequenced the libraries from IP experiments that used either an anti-TERT or anti-POT1A 3 0 6 antibody. Sequencing yielded 164,505,451 total paired-end reads across the 20 IP experiments. 3 0 7
The resulting reads were mapped to the A. thaliana genome (TAIR 10) and long non-coding 3 0 8
RNAs (lncRNAs) were identified using Evolinc ( Fig 5A) [41, 42] . Interestingly, no reads mapped 3 0 9 to the AtTER1 locus. We winnowed candidate TER loci by sorting through Evolinc predicted 3 1 0 lncRNAs to find those capable of generating the telomeric repeat and those that were 3 1 1 conserved across Brassicaceae, in accordance with our evolutionary analyses (Figs 2-4) 3 1 2 suggesting a highly conserved TER. From the candidate set, we identified five highly-expressed 3 1 3 loci exhibiting conservation across the family (Fig 5B) . The locus with the highest average TPM 3 1 4 among those conserved in at least three of our representative Brassicaceae is the same locus 3 1 5 that was identified as a telomerase RNA, named TR, which was shown to be conserved across 3 1 6 land plants [20] . Moreover, we were further prompted to analyze the TR locus based on data 3 1 7 produced by the Shippen Lab at Texas A&M University as part of our collaborate efforts to 3 1 8 identify the bona fide AtTR (see Song et al., in revision) . This locus was also previously 3 1 9 1 4 identified as a lncRNA associated with hypoxic stress, termed AtR8. Hereafter we will refer to 3 2 0 this locus as AtTR/R8 [43] . To confirm the involvement of this lncRNA in telomere maintenance, we obtained T-DNA 3 2 7 mutants of AtTR/R8 and confirmed homozygosity. We grew these lines for three generations, 3 2 8 measuring telomere length using a TRF with each generation (Fig 5C) . We found that 3 2 9
homozygous Attr/r8 mutants showed discrete banding patterns similar to Attert mutants. This 3 3 0 phenotype is a hallmark of telomerase deficiency [38] and indicates an important role for 3 3 1 AtTR/R8 in telomere maintenance. 3 3 2
The AtTER-like locus is transcribed in other Brassicaceae. The relatively high expression of 3 3 3
AtTER2 and its reported role in the negative regulation of telomerase in A. thaliana [15] raises 3 3 4 the possibility that the transcript produced from the AtTER1/2-like locus may be acting as a 3 3 5 telomerase interacting RNA (TIR) similar to AtTER2. To address whether the AtTER1/2-like loci 3 3 6 recovered from other species of Brassicaceae could potentially encode a TIR, we tested 3 3 7 whether or not we could detect transcripts consistent with a TIR, but independent of the 3 3 8 transcription of the RAD52-1A mRNA. For our analyses we chose four species with varying 3 3 9 phylogenetic distances from A. thaliana: C. rubella (diverged ~20 MYA), C. hirsuta (diverged 3 4 0 ~35 MYA), E. salsugineum (diverged ~ 43 MYA), and S. parvula (diverged ~ 43 MYA) [17] . The 3 4 1 AtTER1/2-like locus partially overlaps RAD52-1A in each of these species, therefore we 3 4 2 performed RT-PCR on RAD52-1A in each species in order to map the intron-exon boundaries 3 4 3 1 5 ( Fig 6A) . Following cloning and sequencing of RAD52-1A mRNA, we designed reverse primers 3 4 4 that bind within the first intron of RAD52-1A and used it in combination with a forward primer in 3 4 5 the predicted 5' UTR ( Fig. 6A and 6B) . We amplified and sequenced transcripts from RT-PCR 3 4 6 products generated using this forward primer with a reverse primer in the first intron of RAD52-3 4 7
1A. Our results indicate that either a lncRNA is produced at the locus in the tested species or 3 4 8 splice variants for RAD52-1A exist. Thus, whether the amplified RNAs are entirely distinct from 3 4 9 the transcript produced from RAD52-1A and if they are TIRs performing a similar role as 3 5 0
AtTER2 remains an open question. Further, we showed that despite sequence changes to any potential telomerase RNAs, TERT 3 7 5 proteins from across the Brassicaceae family can at least partially rescue an Attert mutant. This 3 7 6 finding points to the evolutionary stability of the entire telomerase RNP complex. Finally, 3 7 7
whether AtTER2 has a role as a telomerase regulatory RNA remains an open question. We 3 7 8 detected transcripts from the AtTER1/2-like locus in other Brassicaceae, but were unable to 3 7 9 verify if these represent splice variants of RAD52A-1 or a distinct lncRNA product. One 3 8 0 important consideration is that the phenotypes observed for AtTER2 under genomic stress may 3 8 1 be due to a partial protein product encoded from this locus in A. thaliana. Regardless, future 3 8 2 work on telomerase regulation is required to distinguish between these hypotheses. 3 8 3 and used for cloning of CRISPR-Cas9 and CRISPR-Cas9-D10A vectors, following the 3 9 3 procedure described in Schiml, et al. (2014) [44] . A protospacer (5'-3 9 4
GGGTTTAGTTGTCGTCTGAT-3') overlapping the template domain of AtTER1 was used in 3 9 5 conjunction with both Cas9 and Cas9-D10A; in addition, a second protospacer (5'-3 9 6 TTGTCCGGCGACAGAAATGG-3') targeting 33 base pairs downstream of the template domain 3 9 7
was used with Cas9-D10A. T2's were screened using PCR of the TER1 locus followed by 3 9 8
HindIII restriction digest for deletions of the entire template domain. 3 9 9
Atter2 mutants ter2-2 (SALK_121147) and ter2-3 (SALK_140126) were obtained from 4 0 0 the ABRC then crossed to the two ter1 alleles, ter1 Δ 22 and ter1 Δ 18, respectively. The progeny 4 0 1 resulting from the crosses were hemizygous for a ter2 allele and heterozygous for a ter1 allele. 4 0 2
By selfing these individuals we obtained a population segregating the mutations for both genes 4 0 3 allowing direct comparisons between full siblings in TRF analyses. 4 0 4
Nuclear Protein Isolation, TRAP, TRF and RT-PCR. Nuclear extracts were obtained from 4 0 5 ~10g of seedling tissue as described elsewhere [14] . TRAP was performed as described 4 0 6 previously [25] . Briefly, 50ng of total protein, sourced from flower tissue, was added to a 25ul 4 0 7 final reaction volume containing ~3uC 32 P-dGTP, Gotaq hot start mastermix (Promega), and 4 0 8 400nM Forward TRAP primer. This mixture was placed at 37˚C for 45 minutes, followed by the 10.
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